We examined the high precision deposition of toner and polymer microparticles with a typical size of ϳ10 m on electrode arrays with electrodes of 100 m and below using custom-made microelectronic chips. Selective desorption of redundant particles was employed to obtain a given particle pattern from preadsorbed particle layers. Microparticle desorption was regulated by dielectrophoretic attracting forces generated by individual pixel electrodes, tangential detaching forces of an air flow, and adhesion forces on the microchip surface. A theoretical consideration of the acting forces showed that without pixel voltage, the tangential force applied for particle detachment exceeded the particle adhesion force. When the pixel voltage was switched on, however, the sum of attracting forces was larger than the tangential detaching force, which was crucial for desorption efficiency. In our experiments, appropriately large dielectrophoretic forces were achieved by applying high voltages of up to 100 V on the pixel electrodes. In addition, electrode geometries on the chip's surface as well as particle size influenced the desorption quality. We further demonstrated the compatibility of this procedure to complementary metal oxide semiconductor chip technology, which should allow for an easy technical implementation with respect to high-resolution microparticle deposition.
I. INTRODUCTION
The ability to manipulate and selectively deposit particles with diameters of 10 m and below is desirable in many instruments such as particle sorters [1] [2] [3] or in the combinatorial fabrication of microarrays. 4 ,5 Generally, the major obstacle with respect to the deposition selectivity of microparticles is formed by high adhesion forces acting on particles at contacting surfaces, which must be overcome. Typically, high electric fields are utilized for this purpose, as in xerography for charged particles 6 or high electric field gradients for dielectrophoretic transport of uncharged particles. 7 A good deposition quality and high particle pattern resolutions down to 100 nm was achieved by the selective deposition of micro-and nanoparticles onto a chargepatterned polymethyl-methacrylate ͑PMMA͒ coated silicon substrate. 8, 9 A conductive stamp was employed to inject current patterns of 10 mA/ cm 2 through the 80 nm thick PMMA layer at voltages between 10 and 30 V. Temporary current patterns were applied to induce stationary electric field patterns in the PMMA layer. Subsequently, different kinds of particles were deposited nonselectively on the surface from dry powder. Particle patterns corresponding to the electric field patterns in the PMMA layer were then generated by air jet induced desorption of particles from noncharged regions. Desorption results were invariant to charge inversion, indicating that the selectivity is based on the dielectrophoretic force. 10 The resolution of the technique was only determined by the spatial arrangement of the metallic electrodes on the stamp. Nevertheless, this high resolution was achieved at the expense of a significant reduction in flexibility: Each individual particle pattern required a new PMMA layer as well as the production of a new stamp.
The present research focuses on the spatially defined deposition of microparticles on microelectronic chip surfaces using electric field patterns generated on them. The microchips disposed of arrays of electrodes, which can be operated individually to generate arbitrary, configurable charge patterns and thus induce the selective dielectrophoretic interaction with particles. High gradients of the electric field were achieved by suitable geometries of the electrodes and the use of high voltages. The proposed method was tested by the use of high-voltage complementary metal oxide semiconductor ͑CMOS͒ chips. The high-voltage CMOS technology allows for the design of programmable chips operating at voltages up to 100 V. 11 In addition, a CMOS chip can also include additional standard chip functionalities such as data processing units or sensor elements such as photodiodes. These potentialities offer a broad spectrum of future applications.
II. EXPERIMENTAL MATERIALS

A. Microparticles
Selective desorption was examined with different types of microparticles: We assayed a commercial one-component laser printer toner ͑OKI C7000 series, magenta toner͒ 12 maga͒ Author to whom correspondence should be addressed. Tel.: ϩ49-6221-424744. FAX: ϩ49-6221-421744. Electronic mail: f.breitling@dkfz-heidelberg.de netite particles ͑Fe 3 O 4 ͒ as used in two-component laser printer toner systems ͑Hewlett-Packard, Germany͒, and selfmade polymer particles consisting mainly of a styreneacrylic copolymer ͑SAC͒ covered with silica particles to reduce agglomeration ͑Aerosil 812, Degussa, Germany͒. The SAC was purchased from Sekisui Chemical GmbH, Germany. In order to generate SAC particles, a finely granulated powder was mixed with silica particles, milled with a Hosokawa Alpine AS 50 air jet mill and sieved with a Retsch 32 m mesh analytical sieve. Figure 1 shows the particle size distributions of the OKI laser printer toner ͑a͒, magnetite particles ͑b͒, and polymer ͑SAC͒ particles ͑c͒ measured with a Malvern Mastersizer ͑Malvern Instruments Ltd.͒ on basis of the particle size dependent scattering of a laser beam. The narrow size distribution of the laser printer toner particles exhibits an average diameter of about 10 m. The average density of the toner substance is assumed to be 1 g / cm 3 , resulting in an average particle mass m p Ϸ 0.5 ng. The SAC particles' broader size distribution ranges from 0.1 to 20 m with a maximum at about 4 m. A dust fraction in the range of 0.1-1 m corresponds to agglomerates of excess silica particles, which are added during the milling process. The brittle magnetite particles with diameters from 4 to 80 m show a distribution maximum at 35 m and a shoulder at 10 m, which is attributed to fractured material.
Charge-to-mass ratios of OKI toners, magnetite particles, and SAC particles measured with a 210HS-2 q/mmeter ͑TREC Inc.͒ yielded absolute values of less than 10 −4 C / kg. The values resulted from the ratio of the total charge of drawn off particles captured in a Faraday cup to the total mass of these particles.
B. Microelectronic chips
Two different types of microelectronic chips were designed and manufactured to investigate the particle transfer.
A passive silicon microchip with an electrode pattern on the surface similar to a CMOS chip, but without semiconductor components, was manufactured at the Institute of Semiconductors and Microsystems at the TU Dresden ͓Fig. 2͑a͔͒. 13 The process used included two 0.5 m thick metal layers separated by an insulator layer with a thickness of 0.8 m. A regular array of 400 pixel electrodes with an electrode area of 80ϫ 80 m 2 was fabricated. All pixel electrodes were located in the lower metal layer, while the upper metal layer was used to form a shielding grid electrode that separates neighboring pixel electrodes from each other. The grid electrode was always grounded, while the pixel electrodes were switched either on ground or 100 V. As shown in Fig. 2͑a͒ , most of the chip's surface exposed to particles is covered by aluminum. This chip allowed for the generation of regular electrostatic patterns. The total chip area amounts to 4.89ϫ 4.89 mm 2 . The second design-a multifunctional CMOS chip with a total surface area of 5.0ϫ 4.0 mm 2 -allowed for the generation of arbitrary electrostatic patterns. It comprised integrated silicon transistors and was realized with the AMIS C07M I 2 T100 high-voltage CMOS process ͓Fig. 2͑b͔͒. 11 In order to test the influence of different electric fields and electrode sizes on particle deposition, a number of different matrices were realized to be assembled onto the chip. Each matrix comprised of 8 ϫ 8 identical pixel electrodes covered by silicon nitride or aluminum. The matrices further differed in electrode area, geometry, and voltage applicable. Within this study, matrices 1-3 were investigated with respect to selective microparticle deposition ͓Fig. 2͑b͔͒: Matrix 1 had electrodes of 55ϫ 55 m 2 separated by a grid electrode of 21 m width, while matrices 2 and 3 had electrodes of 70 ϫ 70 m 2 and a grid electrode of 6 m width. Matrix 1 and 2 were covered with a Si 3 N 4 layer ͑passivation͒, while the aluminum electrodes of matrix 3 were uncovered in passivation windows of 54ϫ 54 m 2 . Low voltage-and highvoltage CMOS logics were implemented to enable the flexible configuration of electrostatic patterns with pixel voltages up to 100 V. In line with the passive chip, a grid electrode was integrated into the spacing between individual pixel electrodes.
III. PARTICLE FORCES
The procedure for the selective desorption of microparticles is delineated in Fig. 3 . First, the chip's surface is uniformly covered by an excess amount of particles. Next, selected electrodes are switched to voltage in order to create a defined pattern of electric fields. Finally, particles deposited on grounded electrodes are selectively removed by an air flow with air velocities of 3 -5 m / s. Since the detachment velocity of microparticles is dependent on air acceleration and deceleration, 14 special care was taken to obtain a homogenous flow stream. For this purpose, a tube with a diameter of 6 mm producing a stationary air flow was centered perpendicular to the chip's surface in a distance of 5 cm. Thus a jet of air with a diameter of 5 mm was generated. Since the jet diameter was considerably larger than the dimensions of the electrode target area ͑Ͻ2 ϫ 2 mm 2 ͒ on the chip used here, the air flow can be considered as being homogeneous over the entire surface. A constant jet was applied within 10-20 s. This time is considerably larger than the particle detachment time observed in the experiment. The air flow impinging on the chip decays along the surface to regions with smaller pressure, which results in a tangential force acting on particles.
Many studies have been published on the detachment of microparticles from surface by flowing air. [15] [16] [17] [18] [19] [20] [21] The detachment velocity is dependent on many parameters such as surface roughness, local flow acceleration, relative humidity, particle charge and size, and particle and substrate energies. From these experiments, it is now well recognized that detachment by rolling occurs before sliding, which, in turn, occurs before direct lift off.
In an air flow directed tangential to the surface, a torque of M det = F tan r is exerted on each particle. The normal force F norm and the tangential force F tan are linked by the contact radius r c ,
whereby dimensionless parameter x can take values from the interval up to 1.5-1.75. 20, 21 The normal force F norm in Eq. ͑1͒ usually corresponds to the adhesive force F ad ͑pull-off force͒, summarizing all particle surface interaction forces including van der Waals forces. Thus, the drag force F dr = F tan needed to desorb particles is lowered by a factor of xr / r c compared to the adhesive force F ad .
According to the results of Cheng et al. 22 a standard deviation of relief heights of 1.7 nm causes the adhesion force to be reduced to 1% of its smooth-surface value. The used chips possess surfaces with a roughness above 50 nm. Since no planarization has been applied by the chip fabrication, the relief variation up to 500 nm above the electrode edges is expected.
The interaction of a particle on a static surface with a moving fluid is characterized by the Reynolds number Re p = u det d / , with u det being the detachment velocity ͑air flow velocity͒, the kinematical viscosity of air at room temperature, and d the particle diameter. 15 Re p Ͻ 5 correlates to a laminar regime, 5 Ͻ Re p Ͻ 70 to a laminar-turbulent regime, and Re p Ͼ 70 to a turbulent regime. The nature of F dr depends on the flow character near the particle. In the case of the laminar flow the drag force is proportional to the square of the particle radius ͑F dr ϳ r 2 ͒.
16,18
The dielectrophoretic force F dep is affected by the particle polarization in an electric field. It is described by the formula
where 0 is the permittivity, r the average particle radius, and E the electric field strength; 1 and 2 are the dielectric constants of the surrounding medium and the particles, respectively. 1, 7 We simulated the electric field in air above an electrode with an edge length of 100 m switched to 100 V ͑Fig. 4͒. Here, the Poisson equation for the electrical potential was used with appropriate boundary conditions ͑100 V FIG. 3. Principle of selective particle desorption: a microchip with an array of pixel electrodes ͑a͒ is powdered with the microparticles ͑b͒. Subsequent air jet-induced desorption of particles from grounded electrodes ͓͑c͒ electric fields are delineated by semielliptical clouds͔ results in a particle pattern that corresponds to the underlying electric field pattern ͑d͒. For the sake of clarity, the air flow was sketched in oblique angle.
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Deposition of microparticles Rev. Sci. Instrum. 79, 035106 ͑2008͒ on the switched electrode, 0 V on the residual chip surface͒. With a single electrode switched to 100 V and grounded neighboring electrodes separated by 100 m, the electric field was in the range of 1 -3 MV/ m, near the critical breakthrough field in air of E max = 3.6 MV/ m. At the given voltages, a 10 m particle ͑ 2 =10͒ adsorbed on the electrode's surface in air ͑ 1 =1͒ experienced a dielectrophoretic force F dep Ϸ 1.2ϫ 10 −9 N. In comparison, the electrostatic force F q = Q m m p E max estimated for only slightly charged particles with a charge-to-mass ratio of Q m Ͻ 10 −4 C / kg and a particle mass m p Ϸ 0.5 ng was more than six fold weaker, i.e., F q Ͻ 1.8ϫ 10 −10 N. If electric field patterns are generated onto the chip, an attractive force ͑F ad + F dep ͒ acts on particles on electrodes switched to 100 V, whereas only F ad acts on grounded pixels. Selective particle detachment will then occur under the condition
The smaller the factor xr / r c is, the larger is the tolerance on F dr employed. This allows for the selective desorption of particles by the use of air flow even when F ad ϳ F dep . Figure 5 shows a section of the passive microchip after selective desorption of OKI laser printer toner particles. First, particles were deposited on the chip in multilayers and thus densely covered the entire surface. Then, in a checkerboard pattern, the electrodes were either switched to 100 V or grounded; the grid electrode was also grounded. Finally, an air flow with a velocity of 5 m / s was applied to selectively detach particles ͓Fig. 5͑a͔͒. In accordance to the electrostatic pattern, a checkerboard microparticle pattern formed on alternating electrodes. Complete particle desorption was observed on electrodes set on ground potential, with hardly any misdirected particle visible. With a particle diameter of 10 m, the amount of particles fixed in a monolayer on an electrode can be roughly estimated to about 200.
IV. RESULTS AND DISCUSSION
An enhanced air flow velocity ͑Ͼ5 m/ s͒ increasingly removed particles also from the center of the 100 V electrodes ͓Fig. 5͑b͔͒, whereas particles located at the edges still adhered. A rough estimate revealed that about half the amount of particles remained to be fixed on the surface. These experimental data well matched the simulation of the electric field distribution shown in Fig. 4 , which resulted in higher field gradients and hence higher dielectrophoretic forces at the electrode edges.
With the given kinematic viscosity = 1.5ϫ 10 −5 m 2 / s of air at room temperature, a particle diameter of d =10 m, and a detachment velocity u det =5 m/ s, a Reynolds number Re p = 3.3 was calculated. Consequently, microparticles of this size should be exposed to a laminar air flow. Agglomerates with a larger diameter should experience a stronger detachment force. Increasing the particle diameter by a factor of 2 would induce laminar-turbulent flow conditions. Turbulent flow conditions, however, would require much large particles which are not suitable for the given setup.
Next, we assayed the selective desorption of two other kinds of microparticles, namely, magnetite ͓Fig. 6͑a͔͒ and SAC particles ͓Fig. mer particles with d Ͼ 5 m were selectively removed in these experiments, but residual particles of d Ͻ 5 m still adhered to the chip's surface ͓Fig. 6͑b͔͒. Such contaminations were neither observed with SAC particles of d Ͼ 20 m ͑data not shown͒ nor with OKI toner and magnetite particles without such a dust fraction ͓Figs. 5 and 6͑a͔͒. Adhesive forces per se were not expected to contribute to the observed contamination by small particles because the adhesive force of an ideal spherical particle sticking to a flat solid support should decrease with a smaller contact radius r c and thus with smaller particle diameters. 14 Small particles with a nonspherical shape, however, are likely to have a larger contact radius r c . In this case, it would be more difficult to fulfill the selective particle detachment condition ͑3͒, especially if
From the results shown above, the use of microparticles with a narrow size distribution and diameters of d ജ 5 m is the most promising approach to avoid contaminations. However, the production of such high-quality particle collectives might be laborious or expensive. We therefore explored an alternative method to reduce the amount of contaminations from smaller particles based on the preliminary deposition of a "particle mask" ͓exemplified by a checkerboard pattern in Fig. 7͑a͔͒ . First, all areas designated to stay free of particle contaminations are blocked by "ideal" dummy particles ͓ideal means particles with a contamination free binding behavior, see Fig. 5͑a͔͒ . Thereupon, "imperfect" particles are powdered over the entire chip surface ͓Fig. 7͑b͔͒. Thus, on electrodes already coated with dummy particles, a direct contact of the imperfect microparticles with the chip's surface is avoided. Finally, the previously uncoated electrodes are switched on voltage to induce dielectrophoretic interactions, and an air flow is employed to lift off the dummy particle mask together with imperfect particles on top ͓Fig. 7͑c͔͒. As a result, a contamination-free inverted particle pattern is obtained on the electrode array ͓Fig. 7͑d͔͒.
The realization of the concept schematically depicted in Fig. 7 is shown in Fig. 8 , where magnetite dummy particles were used to improve the selective deposition of SAC particles and to avoid contaminations from smaller particles. At first, the magnetite particles were deposited to cover the entire chip area. Selective desorption led to a checkerboard magnetite particle pattern on electrodes A1, A3, B2, C1, C3, and D2 ͑data not shown͒. Thereafter, the SAC polymer particles were powdered on the entire chip surface. Finally, a voltage of 100 V was applied on electrodes A2, B1, and B3, and particles outside of the electrical fields were lifted off by air flow. This resulted in the designated SAC particle pattern ͑Fig. 8, electrodes A2, B1, and B3 covered by SAC particles͒. Obviously, the amount of contaminating SAC particles on the previously magnetite-masked electrodes ͑A1, A3, B2, C1, C3, D2͒ was significantly reduced when compared to unmasked electrodes ͑C2, D1, D3͒.
Finally, we examined the selective desorption of OKI toner particles from the surface of a programmable CMOS chip described in Sec. II B. ͓see also Fig. 2͑b͔͒ . After deposition of the particles on the chip's entire surface, electrode voltages were switched to a chessboard of 0 and 100 V, and the grid electrode was set to 0 V. With an air flow velocity of 5 m/ s, we observed selective microparticle desorption that resulted into the designated particle pattern, with only a few misplaced particles ͓Fig. 9͑a͔͒. On matrices 2 and 3 with electrodes of 70 m edge length, however, the checkerboard pattern was blurred at the rim, indicating an overlap of electric fields in the vicinity of the grid electrodes of 6 m width. This was in contrast to matrix 1 with its smaller electrodes of 55 m edge length and grid electrodes of 21 m width, where the arrayed toner particles were clearly separated from each other. Here, obviously no interference of electric fields occurred, which demonstrates the significant influence of the electrode's geometry on selective particle deposition. FIG. 7. A pattern of "ideal" dummy particles ͓͑a͒ light gray͔ as mask for the selective deposition of "imperfect" particles ͑dark gray͒; after powdering the imperfect particles on the entire chip ͑b͒, previously uncoated electrodes are switched on voltage; an air flow induced lifts off dummy particles as well as of hereon deposited imperfect particles ͑c͒, which results in an inverted, contamination-free particle pattern ͑d͒. For the sake of clarity, the air flow was sketched in oblique angle.
FIG. 8. ͑Color online͒ SAC particle pattern after the selective desorption with magnetite dummy particles; previously masked electrodes ͑A1, A3, B2, C1, C3, D2͒ evince a significant decrease in contaminations compared with afore unmasked electrodes C2, D1, and D3.
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In accordance to the passive chip ͓Fig. 5͑b͔͒, we also observed an onset of particle desorption at the centers of the electrodes with an enhanced air flow velocity Ͼ5 m/ s, whereas the electrode edges were still covered by particles ͓Fig. 9͑b͔͒. This again is consistent with a higher electric field density at the rim of electrodes ͑Fig. 4͒. Notably, matrix 1 with its smaller electrode areas and enlarged grid electrode evinced a higher aerial particle density when compared to matrices 2 and 3. This result again demonstrated the influence of the geometry of main and grid electrode onto interacting electric fields/selective particle deposition, which will be considered in subsequent chip designs. Especially, the use of smaller electrodes should avoid low-field areas to increase the quality of the selective particle desorption on electrode arrays with a lower pitch. Interestingly, the deposition quality was comparable for Si 3 N 4 covered electrodes ͑matrix 2͒ and uncovered aluminum electrodes ͑matrix 3͒ of the same geometry. Obviously both electrically insulated and unshielded electrodes induced a comparable electrophoretic force as the underlying principle of selective particle desorption. Therefore, any conceivable charge transfer from electrodes to deposited microparticles and vice versa does not seem to play a major role.
V. CONCLUSIONS
Precise, spatially defined microparticle deposition on microelectronic chips utilizing the selective desorption of redundant particles by an air flow was examined with special regard to a low level of contamination on scales of less than 100 m resolution. The process of the selective desorption was regulated by selective dielectrophoretic attracting forces induced by pixel electrodes and the tangential detaching force of an air flow. Large dielectrophoretic forces were achieved by applying high voltages up to 100 V on the pixels.
Since only local field gradients of the electric field were used to address different kinds of microparticles, there should be no lower limit imposed on electrode size as long as electrodes are larger than particles. Moreover, only the particle's dielectric constant was of relevance for the dielectrophoretic interaction, which obviates the need for any electrical charging.
The experiments demonstrated that particles with a diameter below 5 m caused contaminations and thus could not be deposited selectively by the straightforward application of the proposed method. Referring to this, it was shown that the usage of dummy particles as temporary inverted particle mask could be a smart concept to avoid such contaminations. Finally, we further verified the compatibility of this method to the silicon nitride and aluminum surfaces typically used in CMOS chip technology. FIG. 9 . ͑Color online͒ Selective desorption of laser printer toner particles ͑OKI magenta͒ in a checkerboard pattern from the CMOS chip at an air flow velocity u det =5 m/ s ͑a͒ and after increase of the velocity to u det Ͼ 5 m/ s ͑b͒. Matrices 1-3 feature different grid/electrode designs and surface coverages, respectively ͓see Fig. 2͑b͔͒ . The quality of the particle deposition pattern clearly depends on the electrode geometries.
